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Inositol 1,4,5-trisphosphate receptors (IP3Rs) play
a fundamental role in generating Ca2+ signals that
trigger many cellular processes in virtually all eukary-
otic cells. Thus far, the three-dimensional (3D) struc-
ture of these channels has remained extremely
controversial. Here, we report a subnanometer reso-
lution electron cryomicroscopy (cryo-EM) structure
of a fully functional type 1 IP3R from cerebellum in
the closed state. The transmembrane region reveals
a twisted bundle of four a helices, one from each
subunit, that form a funnel shaped structure around
the 4-fold symmetry axis, strikingly similar to the
ion-conduction pore of K+ channels. The lumenal
face of IP3R1 has prominent densities that surround
the pore entrance and similar to the highly structured
turrets of Kir channels. 3D statistical analysis of the
cryo-EM density map identifies high variance in the
cytoplasmic region. This structural variation could
be attributed to genuine structural flexibility of IP3R1.
INTRODUCTION
Inositol 1,4,5-trisphosphate receptors (IP3Rs) form a family of
intracellular Ca2+ channels that integrate multiple cellular stimuli
(including neurotransmitters, hormones, growth factors, odor-
ants, and light) to release Ca2+ from intracellular stores such as
the endoplasmic reticulum (ER) into the cytoplasm (Foskett
et al., 2007; Mikoshiba, 2007). IP3R channels are activated by
Ca2+ and IP3, their primary ligands, and are modulated via
complex interactions with numerous intracellular ligands. Such
complex functionality implies multiple interactions and regula-
tory motifs with distinctive features that enable conversion of
cellular signals into Ca2+ signals. Three types of IP3Rs (types
1–3) have been cloned in mammals and share 70% sequence
identity. Each type shows distinct properties in terms of modula-
tion by endogenous and exogenous ligands. A functional IP3R
channel is a homo- or heterotetrameric integral membrane
complex of >1.2 MDa, which in vivo directly associates with an
array of accessory/modulatory proteins. Among the mammalian
isoforms of IP3R, IP3R1 is the best characterized and the
predominant type in cerebellar ER where it forms homotetra-
meric assemblies. Each subunit of IP3R1 is a 2749 residue1192 Structure 19, 1192–1199, August 10, 2011 ª2011 Elsevier Ltd Aprotein that can be structurally divided into three regions: a large
N-terminal region with an IP3-binding region close to the
N-terminus; a transmembrane (TM) region (residues 2275–
2593) containing putative six membrane-spanning segments
near the C terminus, and a C-terminal tail (the last160 residues)
(Furuichi et al., 1989; Mignery et al., 1989). A central mechanistic
question in IP3R gating is how IP3 binding in the N-terminal
sequence of the channel protein is communicated to the ion
conduction pore formed near the C terminus. Recently, the
crystal structures of three domains comprising the N-terminal
ligand-binding region were determined: the IP3-binding core
region (residues 224–604) (Bosanac et al., 2002) and the
suppressor domain (residues 2–223) (Bosanac et al., 2005).
The structure of the IP3-binding core region consists of two
domains, an N-terminal b-trefoil and a C-terminal armadillo
repeat that forms a single IP3-binding site at their interface.
The suppressor domain conforms to a b-trefoil and a helix-
turn-helix motif shaped together as a hammer-like structure.
Although this study provides valuable insights into spatial rela-
tionship between IP3-binding site and two putative Ca
2+ binding
sites, the spatial relationship between the suppressor and
ligand-binding domains remains unknown. Despite accumu-
lating biochemical, mutagenesis and functional studies (Boehn-
ing and Joseph, 2000; Schug and Joseph, 2006; Uchida et al.,
2003) suggesting structural coupling between the N-terminal
domains and the channel pore region, the structural basis for
IP3-induced gating remains poorly understood due to the lack
of knowledge about three-dimensional (3D) architecture of the
full-length channel protein.
Several low-resolution 3D structures of the full-length IP3R1
channel in the closed state have been previously reported based
on single particle electron microscopy analysis (da Fonseca
et al., 2003; Hamada et al., 2003; Jiang et al., 2002a; Sato et al.,
2004; Serysheva et al., 2003). These structures are highly
inconsistent, even at the coarsest structural level, leading to
considerable uncertainty over its true 3D architecture. A common
denominator exists amongall these studies,which is an unusually
high-level of noise in the raw electron cryomicroscopy (cryo-EM)
images. Insufficient contrast can lead to erroneous reconstruc-
tions with either missing or artifactual features due to model
bias (Stewart and Grigorieff, 2004). Through extensive efforts to
optimize the biochemical purification and vitrification process,
we have now produced cryo-EM images with dramatically
higher contrast. This has permitted us to reconstruct the full
channel, unambiguously, to 1 nm resolution and to rationalize
its biological functions in terms of its molecular architecture.ll rights reserved
Figure 1. Functional Characterization of the Purified IP3R1
(A) IP3-induced activation of the purified IP3R1 reconstituted into lipid vesicles.
Time-based Ca2+ efflux from IP3R1-liposomes was monitored by measuring
the change in Fura-2 fluorescence. Stepwise addition of D-IP3 induced Ca
2+
release from the IP3R1- liposomes up to 80% from maximum Ca2+ available
for efflux in the presence of 3 mM ionomycin.
(B) Stereo-specific response of the purified IP3R1 to activation with the D-IP3
but not to the L-IP3 confirms pharmacological identity of the purified channel.
The slight increase in Ca2+ efflux observed with addition of L-IP3 is due to the
presence of contaminating D-IP3 in the commercially obtained L-IP3 (per
communication with Sigma-Aldrich) and contaminating Ca2+ in the solution
(see also Figure S1).
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3D Structure of IP3R1 in the Closed StateRESULTS AND DISCUSSION
Structure Determination
To perform structural analysis by single-particle cryo-EM recon-
struction, IP3R1 channel was purified from rat cerebellum as
previously described (Serysheva et al., 2003) with additionalStructure 19, 1192–optimizations (see Figure S1A available online). To confirm that
purified channels are functionally intact, we reconstituted them
into Ca2+-loaded liposomes prior to cryo-EM imaging. IP3-trig-
gered Ca2+ efflux experiments were performed and clearly
demonstrate that the purified channels remain functional and
exhibit ion-conducting properties characteristic of native IP3R1
channels (Figure 1; Figure S1B) (Hirata et al., 1994; Marchant
and Taylor, 1998).
Electron images of ice-embedded IP3R1 (Figure 2A) were
captured without adding any of its primary agonists (i.e., IP3
and Ca2+). These conditions favor the closed state of the channel
(Hirata et al., 1994;Marchant and Taylor, 1998). Unlike previously
published data, the cryo-EM data used in the present study has
sufficient contrast that the shape of individual particles is clearly
visible in the raw images (Figure 2; Figure S2B). The relatively
high signal/noise ratio in these images permitted reliable particle
alignment during single particle reconstruction. The clear agree-
ment between raw cryo-EM images, reference free class-aver-
ages, reference-based class-averages and reprojections of the
3D reconstruction is strong evidence for the accuracy of this
map (Figure 2B). This reconstruction has been repeated using
different starting models as well as different methods, and reli-
ably produces a consistent structure. The resulting reconstruc-
tion is shown in Figure 3 and Movie S1, and has a resolution of
9.5 A˚ (Figures S2C and S2D).Overall Architecture of IP3R1
The IP3R1 channel adopts a mushroom-like shape that contains
two square-shaped regions with side dimensions of 220 A˚ and
120 A˚ connected via thin stalk densities, together forming
a 190 A˚ tall structure (Figure 3; Figure S3 and Movie S1).
Hydropathy analysis predicts that the C-terminal region of
IP3R1 contains six TMhelices between residues 2275–2593 sug-
gesting that the TM region accounts for 11% of the protein
sequence, corresponding to 36 kDa. Consistent with this
membrane topology, volumetric estimation of our cryo-EM
structure shows that the large square-shaped region and the
stalk densities form a large cytoplasmic (CY) region comprising
89% of the protein mass and include both the N and C termini
of IP3R1. The volume of the TM region observed in the current 3D
reconstruction is 59,000 A˚3, 15% of the total volume of the
channel subunit and accounts for a mass of 48 kDa, assumingFigure 2. Cryo-EM Reconstruction of IP3R1
(A) A 200 kV image of IP3R1 embedded in
a vitreous ice. Scale bar represents 500 A˚.
(B) Projections (a) from the 3D reconstruction, (b)
corresponding class-averages generated in the
final refinement loop, (c) selected reference-free
class-averages generated by 2D classification
without a 3D reference, and (d) a selection of
corresponding unaligned particles. In our prepa-
ration, particle orientation was relatively uniform,
meaning we expect resolution to be fairly
isotropic. Scale bar represents 400 A˚ (see also
Figure S2).
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Figure 3. Surface Representation of a Cryo-
EM Density Map of IP3R1 Channel in the
Closed State
The 3D structure of RyR1 is shown in three
orthogonal views: a top view as seen from the
cytoplasmic side, a side view, and a bottom view
as seen from the lumenal side. Subunits identified
in the 3D structure of the channel tetramer are
individually colored. The contour level corre-
sponds to a protein mass of330 kDa per subunit
at protein density of 0.81 Da/A˚3. The gray bars
suggest the positions of the cytoplasmic (Cy) and
endoplasmic (ER) leaflets of the membrane
bilayer. Scale bar represents 100 A˚ (see also Fig-
ure S3 and Movie S1).
Structure
3D Structure of IP3R1 in the Closed Statethe protein density is 0.81 Da/A˚3. This value is in reasonable
agreement with the predicted 6-TM topology of IP3R1 protein,
particularly when the presence of an unknown amount of deter-
gent and residual lipid bound to the periphery of the TM domains
is accounted for. Unfortunately, it is impossible to distinguish the
boundary between protein and detergent or residual lipid in the
TM domain, so it is impossible to conclusively determine
the amount of bound detergent from our structure. In addition,
the luminal portion of the IP3R1 channel is glycosylated, which
would contribute some mass corresponding to carbohydrate
moieties (Michikawa et al., 1994).
Although the overall architecture of IP3R1 is somewhat similar
to that of RyR channels, there are notable differences at
a detailed structural level (Figure 4A; Figure S4). The CY region
of IP3R1 includes a complex pattern of densities and large
water-filled regions, also present in RyRs. Four IP3R1 subunits
make extensive intersubunit contacts via a central ‘‘plug’’ along
the 4-fold channel axis (Figure 4A; Movie S1). This region
appears to be a primary contact holding the four subunits
together, and is completely absent in RyR channels (Figure S4).
The CY region communicates with the TM region via stalk
densities of the column region. The stalk densities shape the
four side ‘‘windows’’ located directly over the TM region at the
subunit interfaces (Figure 3; Figure S3). These windows are
conceptually similar to the lateral openings in K+ channels
(Doyle et al., 1998; Kuo et al., 2003; Tao et al., 2009) and in
the nicotinic acetylcholine receptor (nAchR) (Unwin, 2005),
and may allow Ca2+ ions to flow freely between the channel1194 Structure 19, 1192–1199, August 10, 2011 ª2011 Elsevier Ltd Adomains and the cytoplasm. However, uncertainties in isosur-
face at this resolution make any detailed assessments of size
impossible.
The present 3D structure of IP3R1 differs from the earlier cryo-
EM reconstructions of IP3R1 (Jiang et al., 2002a; Sato et al.,
2004; Serysheva et al., 2003), but it is consistent with the higher
contrast (but much lower resolution) 3D structures of IP3R1
based on negative staining EM (da Fonseca et al., 2003; Hamada
et al., 2003). It is impossible to prove the true source of the
discrepancies among the previously published cryo-EM struc-
tures (Jiang et al., 2002a; Sato et al., 2004; Serysheva et al.,
2003), and we cannot rule out the possibility of previous prob-
lems with biochemical purification or functional state of the
channel as contributing factors (Table S1). High noise levels in
the raw data, our own previously published data included, are
by far the most likely explanation.
Statistical Validation of Cryo-EM Density Map
To better assess the structure and to validate the resolved struc-
tural features, we also analyzed the variance of the 3D structure
(Chen et al., 2008; Penczek et al., 2006). A 3D standard deviation
was estimated from 100 3D reconstructions produced using
random resampling of particles with replacement applied to indi-
vidual class-averages. This variance map shows the highest
variability is in a portion of the CY region (Figure 4B), which
exhibits a relatively rigid surface with a more flexible interior. In
addition, in 2D class averages, significant variations in the corre-
sponding part of the CY region, and some motion of the TMFigure 4. The Internal Architecture of IP3R1
(A) Two opposing subunits are shown in a side
view.
(B) The 3D statistical variance map of the IP3R1
structure. The surfaces of individual IP3R1 sub-
units are colored according to the variance map.
The threshold for color-coding is set to 2.5s over
the mean density in the 3D variance map. Regions
of the highest variance are shown in red, the gray
regions show no significant variations. Higher
variances are observed in the core of the CY
region, with the solvent exposed ‘‘scaffolding’’ of
the CY region and the TM region being more
rigid. The gray bars indicate the putative position
of the membrane bilayer (see also Figure S4 and
Movie S2).
ll rights reserved
Figure 5. Close-Up View of the TM Region
(A) Putative secondary structure elements identified in the TM structure of
IP3R1. TM regions of two opposing IP3R1 subunits are viewed from the side
parallel to the membrane. The densities attributed to a helices identified are
annotated with cylinders and arbitrarily labeled h1-6 for reference.
(B) X-ray structure of the eukaryotic Kir2.2 channel (PDB ID: 3JYC) is shown as
a ribbon fitted into the cryo-EM density map of IP3R1; structural elements of
the Kir channel pore are indicated.
(C) Secondary structure elements identified in the pore region of IP3R1 are
superimposed with the X-ray structure of the Kir2.2 channel. (Left) Two
subunits are viewed parallel to the membrane plane. (Right) Four subunits are
viewed along the channel 4-fold axis from the lumenal side, the pore helices of
Kir2.2 channel are removed for clarity. The gray bars mark the putative posi-
tions of the Cy/In and ER/Out leaflets of the membrane bilayer (see also Fig-
ure S5 and Movie S1).
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3D Structure of IP3R1 in the Closed Stateregion with respect to the CY region can be observed (Movie S2).
It is likely that the unliganded closed state will thus be more con-
formationally flexible than the ligand-bound state. This observa-
tion suggests the existence of multiple conformations of the CY
domains within this closed state maintained in the absence of
channel primary ligands (i.e., IP3 and Ca
2+). Our observations
on a full-length protein are consistent with NMR and small-angle
X-ray scattering studies performed with the IP3-binding andStructure 19, 1192–suppressor domains expressed as independent entities (Chan
et al., 2007). This study shows that the N-terminal region exhibits
a less compact structure in IP3-free state resulting from flexibility
in the linker between IP3-binding domains. In addition, confor-
mational variability of the CY region observed in our cryo-EM
structure could be also attributed to the presence of unknown
contaminating ligands co-purified with the IP3R1 protein, subtly
altering its conformation.
The Pore Structure
The lower variance of the TM region permitted us to search for
long a helices that emerge at 1 nm resolution (Baker et al.,
2007, 2010). Six putative a helices were identified in the TM
region (Figure 5A; Figure S5A and Movie S1). Helix 1 lies near
the central channel axis, and spans a length of 26 A˚, within
the thickness of the hydrophobic core of the membrane. Four
such rod-shaped densities (one from each subunit) form
a twisted bundle arranged as a funnel with the wider end on
the lumenal side. The helix 1 lining pathway thus narrows from
28 A˚ at the lumenal vestibule to14 A˚ closer to the cytoplasmic
side (Figure 5). These approximate dimensions are center-to-
center separations between two opposing helices and do not
account for amino acid side chains, which clearly cannot be
resolved at the current resolution. This packing is strikingly
similar to that of the inner, pore-lining a helices in closed-state
K+ channels (Figures 5B and 5C; Movie S1) (Doyle et al., 1998;
Kuo et al., 2003; Tao et al., 2009), suggesting that helix 1 lines
the ion-conduction pathway in the pore of the IP3R1 channel
and that the region of minimum separation between the four helix
1 represents the location of the channel gate.
Short helices 2, 3, and 4 (Figure 5A; Figure S5A) are not long
enough to span the lipid bilayer, but may represent a segment
of longer helices not entirely resolved in this map. Based on their
orientations with respect to the membrane plane, these rod
densities may represent three other predicted TM helices. The
position of helix 2 with respect to the inner helix found in our
current structure of IP3R1 is similar to that of the outer helix in
the K+ channels (Figures 5B and 5C; Movie S1) (Doyle et al.,
1998; Kuo et al., 2003; Tao et al., 2009). Two other a helices
(labeled 5 and 6) run almost parallel to the membrane plane at
the interface between the TM and CY regions (Figure 5A). Helix
6 is similarly placed with the interfacial helix of RyR1 (Ludtke
et al., 2005) and Kir channels (Figures 5B and 5C; Movie S1)
(Kuo et al., 2003; Tao et al., 2009). Although the putative helices
we have identified are only those that were identified indepen-
dently by both a human and SSEhunter, at the current resolution,
these helices remain somewhat speculative, and they will likely
be refined as resolution improves.
Sequence Assignment for the Pore Region
Primary sequences of IP3R1 and RyR1 channels share high
sequence homology in the C-terminal region encompassing
the last two predicted TM helices (Figure S5B). This suggests
common structural elements in the channel region and some
similarity with aspects to channel function. Based on amino
acid sequence alignments and guided by crystal structures of
K+ channels (Doyle et al., 1998; Kuo et al., 2003; Tao et al.,
2009), we propose that the predicted TM6 sequence (residues
2570–2593) correlates with the inner helix (Figure 5; Figures1199, August 10, 2011 ª2011 Elsevier Ltd All rights reserved 1195
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3D Structure of IP3R1 in the Closed StateS5B and S5C). This sequence would correspond to helix 1 iden-
tified in this study. Our sequence assignment for the inner pore-
lining helix places the IP3R1 hinge region with the conserved
Gly2587 (Figure S5B) within the membrane bilayer that permits
bending of the inner TM helix during channel gating, similar to
that in MthK channel (Jiang et al., 2002b). Moreover, this posi-
tions two hydrophobic residues Phe2593 and Ala2594 (Fig-
ure S5B) about the cytoplasmic vestibule in the present pore
structure. The activation gate is a favorable position for the large
hydrophobic residues as they act to constrict the pore entryway,
as it was demonstrated for nAchR (Miyazawa et al., 2003), MscL
(Chang et al., 1998), and KirBac1.1 (Kuo et al., 2003). Because
the rod-like densities forming the central ion-conduction
pathway are not well defined at the lumenal and cytoplasmic
vestibules of the channel pore, it is conceivable that the pore-
lining helices might be longer than predicted by hydrophobicity
analysis and thus, explains their appearance in the present struc-
ture. Finally, the predicted a-helical TM5 segment (residues
2441–2463) would correspond to the partially resolved outer
helix in our structure of IP3R1 (Figure 5; Figures S5B and S5C).
The Lumenal Turrets
On the lumenal face of the channel we observe structures resem-
bling the outer pore turrets identified in Kir channels (Tao et al.,
2009) (Figures 5B and 5C; Movie S1). We propose that these
turret densities are formed by the extended loop between the
TM5 and TM6 segments in IP3R sequence (residues 2464–
2529), which is absent in RyRs (Figures S5B and S5C). Although
the precise function of the turrets in IP3Rs remains to be eluci-
dated, it is notable that the turret sequence in IP3R1 contains
many Asp and Glu residues. The high density of negative
charges is thought to enable Ca2+ release channels to regulate
local concentration of permeant ions at the pore entryway. The
turret region also includes two glycosylation sites (Asn2476
and Asn2504) (Figure S5B) (Michikawa et al., 1994). An N-glyco-
sylation site located in the outer turret between the S5 and pore
helices has been shown to play a critical role in trafficking of HCN
channels to cell surface membrane (Much et al., 2003).
The Cytoplasmic Region
The large CY structural variations shown in the 3D variance map
(Figure 4B) combinedwith themarginal resolution raise toomany
uncertainties tomake reliable a-helix predictions in this region. In
addition, available crystal structures for the N-terminal domains
(Bosanac et al., 2002, 2005) do not unambiguously dock into
our structure, due to their small size and the lack of secondary
structure elements or other supporting structural information
to anchor the docking. For this reason, there are few details
we can use to better characterize the CY region, other than to
make the observation that it has a notably different architecture
than the RyR1 CY region (Ludtke et al., 2005; Samso et al., 2005;
Serysheva et al., 2008).
The column region represents the only direct link between
structural elements of the CY and the pore-forming domains in
our cryo-EM structure of IP3R1 (Movie S1). High structural vari-
ability found to be associated with the bridging densities of the
column region (Figure 4B; Movie S2) suggests that this region
is quite mobile in the present structure. Although the protein
sequence comprising the column densities remains to be identi-1196 Structure 19, 1192–1199, August 10, 2011 ª2011 Elsevier Ltd Afied, the 160-residue C terminus is a potential candidate along
with the N-terminal sequence preceding the TM region. Although
the limited resolution in the current study did not allow identifica-
tion of secondary structure elements in the column region,
based on the secondary structure prediction, the C terminus of
IP3R1 represents a helical structure. It interacts with several
modulatory proteins that enhances IP3-binding sensitivity of
the N-terminus and affects the channel gating (Foskett et al.,
2007; Mikoshiba, 2007). This implies an allosteric role of the
C terminus in transmitting the signal from the IP3-binding
region to the channel pore. Thus, the structure comprising
this sequence is expected to be mobile to be able to adapt to
different ligand-induced conformations.
Conclusions
In this work we have unambiguously defined the 3D architecture
of the IP3R1 channel by obtaining higher contrast cryo-EM
images than were previously possible. Resolution is sufficient
to provide initial insights into the structure of the ion-conduction
pathway, and relate it to other ion channels. The TM architecture
of IP3R1 captured in a closed ligand-free conformation is similar
to that seen in closed K+ channels (Doyle et al., 1998; Kuo et al.,
2003; Tao et al., 2009) and, combined with previously deter-
mined structures of the Ca2+ release channel (Ludtke et al.,
2005; Samso et al., 2005), may serve as a prototype for this
class of membrane proteins. The structure of the CY region
encompassing mostly the N-terminal portion of the IP3R1
molecule reflects low structural homology with other ion chan-
nels and provides plausible explanations for crucial differences
in their function. The present structure suggests that the gating
of IP3R1 likely shares a fundamentally similar mechanism with
other ion channels, including RyR1 Ca2+ release channel and
K+ channels. This involves movements of cytoplasmic ligand-
binding domains that are transmitted via the flexible stalk densi-
ties of the column region to the channel pore. Further details of
the function of IP3R1 will require studies at higher resolution
and in different functional states. The improved image contrast
obtained in the current studies indicates that this goal is now
within reach.
EXPERIMENTAL PROCEDURES
Protein Preparation
IP3R1 was purified by immuno affinity chromatography as described previ-
ously (Serysheva et al., 2003), with the following modifications. Microsomal
membranes (2–3 mg/ml) were prepared from rat cerebellum (Mignery et al.,
1990) and solubilized at 4C, using 2% (w/v) CHAPS in 50 mM Tris-HCl
(pH 7.4), containing 150mMNaCl, 1mMDTT, 1mMEDTA, and protease inhib-
itors (Buffer A). Insoluble membranes were removed by centrifugation at
100,000 3 g for 1 hr using the Ti45 rotor (Beckman Coulter). The solubilized
IP3R1 channels were mixed with CNBr-activated Sepharose 4B beads
coupled with the T433 antibody (Kaznacheyeva et al., 1998), incubated at
4C, and eluted with buffer A containing 0.4% CHAPS and 0.2 mg/ml of the
immunogenic peptide corresponding to the 19 C-terminal residues of the rat
IP3R1. The purified protein was concentrated in buffer D (buffer A + 0.4%
CHAPS) to a final concentration of 1 mg/ml using an Amicon Ultracel-100
centrifugal filter unit (Millipore). Purified IP3R1 was analyzed by SDS-PAGE
and on a western blot using specific antibody against IP3R1. Immunoblotting
of the purified IP3R1 with antibodies raised against IP3R2 and IP3R3 did not
show cross-reaction, or such contamination was below the detection limit.
PAGE gel and western blot imaging were performed using the Odyssey
Infrared System (Li-COR Bioscience).ll rights reserved
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3D Structure of IP3R1 in the Closed StateFunctional Characterization
To test the functionality of the purified protein, Ca2+-flux measurements were
performed with the purified IP3R1 channels reconstituted into lipid vesicles
(liposomes) using a previously described procedure (Moiseenkova-Bell
et al., 2008). Membrane-impermeant Ca2+-sensitive fluorescent dye, Fura-2
(Invitrogen), was used in time-based fluorescence measurements to monitor
IP3-induced Ca
2+ efflux from Ca2+-loaded lipid vesicles. In brief, egg phospha-
tidylcholine (PC; Sigma-Aldrich) was solubilized with 400 mM OG in reconsti-
tution buffer containing 25 mM Tris-HCl (pH 8.0), 150 mM NaCl, 5 mM Ca2+.
Purified IP3R1 channels (1 mg/ml) were mixed with the solubilized lipid and
dialyzed against reconstitution buffer for 2–4 days at 4C. To remove Ca2+
outside the vesicles, the Ca2+-loaded vesicles were passed through Econo-
Pac 10DG columns (BioRad) and treated with a chelating resin (Chelex-100,
Bio-Rad). Fura-2 and channel-specific ligands were prepared in metal-free
form using Chelex-100. The resulting vesicles were transferred into 4-ml
cuvette, and 5 mMFura-2was added to start the Ca2+ flux experiment. Fluores-
cence measurements were performed with a spectrofluorometer SLM8000
(Olis). Fluorescence emission at 510 nm was recorded continuously while
agonist was added step-wise to the cuvette. Ionomycin (3 mM) was used to
determine maximum Ca2+ efflux from liposomes.
Cryo-Specimen Preparation and Cryo-EM Imaging
In contrast to ryanodine receptor (RyR), a related channel whose higher order
structure remained stable in the presence of detergent (Ludtke et al., 2005;
Samso et al., 2005), tetrameric IP3R1 channels isolated in a similar manner
are significantly less stable and tend to dissociate and aggregate producing
heterogeneous particle populations. Therefore, throughout our structural
studies it was necessary to vitrify the detergent-extracted protein immediately
on purification to minimize protein degradation. A long delay or a freeze-thaw
cycle can easily lead to degraded protein. In addition, 5% sucrose was added
to preserve the structural integrity of channel particles. The choice of detergent
is also critical to obtainingoptimal cryo-EMdata. Imagingmust beperformedas
far below CMC as possible to avoid the appearance of micelles in the cryo-EM
images, also impacting the choice of detergent. The purified channels (3 ml of
0.5 mg/ml protein) in buffer D containing 5% sucrose and 1 mM EGTA were
plunge frozen on Quantifoil holey grids (Quantifoil Micro Tools GmbH) covered
with a freshly prepared thin continuous carbon film. Grids were glow-dis-
charged for 5 s immediately before the application of the protein. Vitrification
was performed at 80%–100% humidity, 20C using a semiautomated vitrifica-
tion device, Vitrobot (FEI). Using these conditions of vitrification as the starting
point, further cryo-specimen optimization was performed by conducting
multiple vitrification trials; evaluating the results with electron cryomicroscope
and using obtained information to improve successive trials of cryo-specimen
preparation. Thus, final conditions for vitrification were varied to some degree
in each prep while still remaining close to the starting conditions. The critical
aspect was to continue the screening process until contrast had been opti-
mized. Given the very limited lifetime of the purified specimen, this process
was completed as efficiently as possible. Images of ice-embedded channels
were taken at 60,0003 nominal magnification on a JEM2010F electron cryomi-
croscope operated at 200 keV with a Gatan liquid nitrogen cryoholder and a
Gatan4k34kCCDcamera. Thespecimendosewas18electrons/A˚2 perCCD
frame. Images were acquired at the defocus range of 1.4–3.5 mm underfocus.
Image-Processing and 3D Reconstruction
Particles were selected from individual CCD frames, and contrast transfer
function parameters were determined using standard methods in EMAN
(Ludtke et al., 2004, 2005). Unlike our previous studies on a continuous carbon
substrate, the ice-embedded IP3R1 particles have a fairly uniform distribution
of orientations, providing isotropic resolution (Figure S2C). Iterative recon-
struction consists of reference-based classification of particles, class aver-
aging with contrast transfer function correction and 3D model construction.
Refinement in EMAN1 followed the same standard procedures described
previously (Ludtke et al., 2004, 2005). Iterative reconstruction with 37,231
particles from 869 CCD frames was continued until convergence was
achieved. To evaluate model bias, the structure was refined from multiple
starting models and the results compared. The map resolution was assessed
based on the 0.5 Fourier shell correlation criterion and filtered to optimize
resolvability without inducing noise (Figure S2D).Structure 19, 1192–Given the controversial history of the IP3R1 structure, as an additional vali-
dation, we processed the same particle set from scratch, including contrast
transfer function (CTF) determination, initial model generation, refinement,
and variance map production, using EMAN2 (Tang et al., 2007), which has
a new initial model generation method and a new CTF correction strategy
that can compensate for the presence of continuous carbon substrates. The
results from the two completely independent reconstructions agree to within
the limits of resolution and model variance. Both reconstructions using
the current image set agree completely about the quaternary structure of the
channel, which is not the case when we attempt a reconstruction using the
images from our previously published structure (Serysheva et al., 2003). It
now seems very likely that model bias was prominent in our earlier study
due to high noise levels (Figure S2A). The present study passes much more
stringent tests for self-consistency in the reconstruction. This overall shape
also agrees well with recent low-resolution results in negative stain (Hamada
et al., 2003). Although the resolution remains marginal for secondary structural
interpretation, the interpretability of the TM helix arrangements in terms of
other channel structures lends credence to our interpretation even at this level
of detail. The structure used for interpretation and presented in the figures in
the body of this article is the structure solved using the proven methods
from EMAN1.
3D Variance Map
The EMAN1 variance map was produced using calculateMapVariance.py
(Chen et al., 2008), which makes use of a variant of the bootstrap method sug-
gested by Penczek et al. (2006). In brief, 100 subsampled 3D models were
produced from randomly selected particle images, and the 3D average and
3D standard deviationmapswere computed from them. The 3D standard devi-
ation map was further filtered to15 A˚. 3D variance analysis in the presence of
symmetry is subject to exaggeration within a few pixels of the symmetry axis,
but our observed high variability regions are sufficiently far from the axis that
this is not a factor.
Segmentation and Interpretation of Cryo-EM Density Map
We applied the same connectivity-based, symmetry preserving segmentation
algorithm applied to RyR1 (Ludtke et al., 2005) to identify subunit boundaries in
IP3R1 structure. This algorithm segments the structure into a number of high-
density regions, and then determines the strength of the connectivity between
these regions, establishing segmentation where the weakest connectivity
represent the boundaries between subunits. In the TM domain, this separation
is unambiguous, however in the CY domain, variation of the segmentation
parameters can produce a few possible segmentations. We selected the
segmentation, which is consistent with segmentation of RyR1 (Serysheva
et al., 2008), but at this resolution, this result is strictly hypothetical.
The 3D density map was visualized using the UCSF Chimera package
(Goddard et al., 2005) and AMIRA (Mercury Computer System). At1 nm reso-
lution it is possible to identify well defined a helices, but this must be done with
some caution below 8 A˚ resolution (Baker et al., 2007, 2010). Secondary struc-
ture elements (SSE) were identified by visual interpretation of cryo-EM densi-
ties and using quantitative estimation with SSEhunter, which is a part of the
AIRS package (Baker et al., 2007, 2010). At 6–8 A˚ resolutions, SSE, i.e.,
a helices and b sheets appear as rod-like densities and thin planes, respec-
tively. At resolutions of 8–10 A˚, results are far more ambiguous, and b sheet
identification cannot be performed with confidence. In visually examining the
TM region, six rod-like densities can be observed. This is confirmed by
SSEhunter, which also identifies these regions as a helices. Similar to our
earlier RyR structure (Ludtke et al., 2005; Serysheva et al., 2008), identified
helices are only those where both methods agreed. Errors in rotational align-
ment of the particles will have a decreasing impact on structural features
near the center of mass, and along the z axis. This is likely possible for relative
clarity of the pore-lining helices in both this channel and our earlier structure
of RyR1 channel (Ludtke et al., 2005; Serysheva et al., 2008). Initial fitting of
the X-ray structures of K+ channels into the IP3R1 TM region was carried out
manually and then refined with Chimera.
Sequence Alignment and Secondary Structure Prediction
Multiple sequence alignments were performed using ClustalW2 (Larkin et al.,
2007). Hydrophobicity analysis and secondary structure prediction were1199, August 10, 2011 ª2011 Elsevier Ltd All rights reserved 1197
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3D Structure of IP3R1 in the Closed Statecarried out with several packages available through PSIPRED (http://bioinf.cs.
ucl.ac.uk/psipred/) and the Biology Workbench (http://workbench.sdsc.edu).
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